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In this study we examined the impacts of in vivo thiamine deﬁciency on lake trout leukocyte function
measured in vitro. When compared outside the context of individual-speciﬁc thiamine concentrations no
signiﬁcant differences were observed in leukocyte bactericidal activity or in concanavalin A (Con A), and
phytohemagglutinin-P (PHA-P) stimulated leukocyte proliferation. Placing immune functions into
context with the ratio of in vivo liver thiamine monophosphate (TMP e biologically inactive form) to
thiamine pyrophosphate (TPP e biologically active form) proved to be the best indicator of thiamine
depletion impacts as determined using regression modeling. These observed relationships indicated
differential effects on the immune measures with bactericidal activity exhibiting an inverse relationship
with TMP to TPP ratios, Con A stimulated mitogenesis exhibiting a positive relationship with TMP to TPP
ratios and PHA-P stimulated mitogenesis exhibiting no signiﬁcant relationships. In addition, these re-
lationships showed considerable complexity which included the consistent observation of a thiamine-
replete subgroup with characteristics similar to those seen in the leukocytes from thiamine-depleted
ﬁsh. When considered together, our observations indicate that lake trout leukocytes experience cell-
type speciﬁc impacts as well as an altered physiologic environment when confronted with a
thiamine-limited state.
Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Early mortality syndrome (EMS) results in embryonic mortality
in salmonids (coho salmon (Oncorhynchus kisutch), chinook salmon
(Oncorhynchus tshawytscha), steelhead trout (Oncorhynchus
mykiss), brown trout (Salmo trutta) and lake trout (Salvelinus
namaycush)). Clinical symptoms of EMS include loss of equilibrium,
swimming in a spiral pattern, lethargy, hyper-excitability, and
hemorrhage and death occurring between hatch and ﬁrst feeding
[1,2]. Stocks of Atlantic salmon (Salmo salar) from the Finger Lakes
and the Baltic Sea exhibit a similar early life-stage mortality, called
Cayuga syndrome [3] and M74 [4], respectively. Low egg thiamine
levels and enhanced survival following thiamine treatments are
common characteristics of EMS, Cayuga Syndrome and M74. In
addition to the clinical symptoms, visual detail discrimination and, cottinger@usgs.gov (C.
access article under the CC BY-NCmotion detection in lake trout fed a low thiamine diet has been
shown to be signiﬁcantly lower than seen in thiamine-replete lake
trout fry [5] as has the ability of lake trout fry to avoid a piscine
predator and to forage on Daphnia [6]. Taken together, these ﬁnd-
ings support the suggestion made by Brown et al. [7] that the
physiologic impacts of thiamine deﬁciency may be far reaching.
EMS is a result of thiamine deﬁciency in the sexually mature
component of wild lake trout populations with low egg thiamine
concentrations noted within hatcheries when wild ﬁsh are used as
brood stock [7] as well as in eggs obtained from natural spawning
beds [8]. Given that thiamine deﬁciency is occurring in adult lake
trout, and that the physiologic impact could be far reaching, we
previously have suggested that this deﬁciency could impact lake
trout immune function and thus disease resistance [9].
Diet and nutritional status are known to affect immune function
and disease resistance in ﬁsh [10,11]. The immunomodulatory role
of speciﬁc vitamins and their effects on disease resistance in ﬁshes
has been examined in some detail with particular attention paid to
ascorbic acid (vitamin C) [12e15] and the tocopherols (vitamin E)
[16,17]. The effect of thiamine (vitamin B1) deﬁciency in lake trout-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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study we continue this work by examining the impacts of in vivo
thiamine deﬁciency on lake trout leukocyte functions measured
in vitro and placed in context with in situ thiamine concentrations.
We also examine the relationship between ﬁsh weight and thia-
mine concentrations in an attempt to place our observed in vitro
immune functional-measures into context with broader physio-
logic processes.
2. Materials and methods
2.1. Fish, diet, and culture conditions
Seneca strain lake trout were spawned, hatched and reared as
previously described [9]. A minimum ﬁsh size of 200 g was selected
for use in this study to provide ample tissue for cell isolation. Fish
were reared to approximately 100 g on commercial feed and then
randomly divided into two groups. Thiamine deﬁciency was ach-
ieved in the thiamine deﬁcient group via delivery of a previously
described casein bacterial thiaminase diet [9,18]. A thiamine deﬁ-
cient status was conﬁrmed by skeletal muscle levels in treatment
subsamples [19]. Once a thiamine-depleted state was conﬁrmed,
the ﬁsh were fed a similar diet without thiaminase and containing
0.4 mg kg1 feed of dietary thiamine [9,18] which was sufﬁcient to
prevent death while retaining the thiamine-depleted state.
Thiamine-replete ﬁsh were fed through the entire study with a
previously described diet containing 2.0 mg kg1 feed of dietary
thiamine [9,18]. Other than the elevated thiamine concentrations,
this feed was identical to that provide the thiamine-depleted ﬁsh.
The base nutritional requirement for thiamine is 1.0 mg kg1of
feed [20]. In all diets the calculated crude protein content was 45.7%
and the dietary lipid (ﬁsh oil) was 15%. Fish were fed daily to
satiation.
2.2. In vitro immune study
Immune function studies were conducted at the U.S. Geological
Survey, Leetown Science Center, Fish Health Branch (Kearneysville,
WV, USA). During these studies the trout were maintained in an
indoor ﬂow-through system consisting of 900 L circular tanks
supplied with 12 C oxygenated spring water. Water ﬂow into the
tanks was maintained at rate of 10 total volume replacements per
day. Tanks were illuminated by ﬂuorescent lighting with photo-
period adjusted tomatch local seasonal change. The lake trout were
acclimated to tank conditions for at least two months prior to
initiation of experimental protocols. No morbidity or mortality was
observed during the acclimation or experimental periods.
Anterior kidney leukocytes from 36 thiamine-replete and 36
thiamine-depleted lake trout were evaluated for lymphocyte
mitogenesis and for macrophage bactericidal activity. Prior to tissue
harvests, ﬁsh were euthanized with an overdose of tricaine meth-
anesulfonate (Finquel, Argent Chemical Laboratories, Redmond,
WA) immediately upon removal from the tanks, weighed, and bled
from the caudal vessels. Anterior kidney was collected using aseptic
technique and processed for leukocyte isolations as described
below. Liver samples were collected and immediately frozen
at 80 C for tissue thiamine determinations described below.
Plasma was separated from whole blood by centrifugation at
1000 RCF at 4 C for 20 min and archived at 80 C.
Lake trout anterior kidney leukocytes isolation and the leuko-
cyte mitogenesis assay were performed as described by Gauthier
et al. [21]. All mitogens were diluted in L-15 media containing 5%
fetal bovine serum (FBS). The anterior kidney leukocytes at a con-
centration of 2  107 cells ml1 were plated at 50 ml well1 and
were treated at 50 ml well1 with either concanavalin A (Con A) at10 mg ml1, phytohemagglutinin-P (PHA-P) at 20 mg ml1, poke-
weed mitogen (PWM) at 50 mg ml1, or mitogen-free media (con-
trol wells). Mitogen treated and control wells for each thiamine-
replete and -depleted ﬁsh were replicated in triplicate and were
always used in tandem in the same plate. Leukocytes were treated
with 25 ml well1 of sterile-ﬁltered 65 mM bromodeoxyuridine
(BrdU) in L-15 (BrdU ﬁnal concentration¼ 13 mMwell1), 18 h prior
to the evaluation of mitogenesis by BrdU enzyme-linked immu-
nosorbent assay (ELISA). Following incubation with BrdU, cells
were washed with 100 ml well1 Dulbecco’s phosphate buffered
saline (DPBS) and ﬁxed for 15 min with 1% paraformaldehyde in
DPBS (pH 7.2). Cells were washed as above and the leukocyte
membranes were porated by a 30 s exposure to 50 ml well1 of
0.01% Tween 20 in DPBS. Cells were again washed and the wells
were then blocked with 250 ml well1 of DPBS containing 1% bovine
serum albumin (blocking buffer). Blocking buffer was replaced
without washing by 50 ml well1 of 0.2 U ml1 anti-
bromodeoxyuridine labeled with horseradish peroxidase (mAb,
Fab) in blocking buffer and the plates were incubated for 1 h. Cells
were washed 5 times with 250 ml well1 DPBS and 50 ml well1 of a
substrate solution (4.8 ml 10 mM citrate buffer (pH 4) with 200 ml
18.2 mM 2,20-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid)
(ABTS) and 5 ml 30% hydrogen peroxide) was added. The optical
density (405 nm) of the solution in each well was determined at
5 min increments over a period of 20 min using a V-max Kinetic
Microplate Reader (Molecular Devices Corporation, Sunnyvale, CA)
set for a 405 nm wave length.
Liver thiamine pyrophosphate (TPP), thiamine monophosphate
(TMP), and free thiamine content were quantiﬁed using the high-
performance liquid chromatography (HPLC) method described by
Brown et al. [19]. Commercially available authentic standards
(Sigma Chemical) were used to identify chromatographic peaks.
Data reported are from duplicate analyses of each sample in which
there was less than ten percent difference in value.
Bactericidal activity of adherent cells was evaluated with a
modiﬁcation of the methods described by Harms et al. [22]. Cells
from each ﬁsh in L-15/0.1% FBS were loaded as two sets of replicates
(quadruplicate and triplicate) at 100 ml well1 into a 96 well tissue-
culture plate and incubated for 2 h. Twelvewells on each platewere
treated the same as the other wells except that cell-free media was
employed (positive control). Following the incubation, media was
removed from all wells and replaced with 100 ml well1 L-15/5%
FBS. Adherent cells, including the macrophages, were then incu-
bated for another 36 h. Forty-eight hour room temperature cultures
of Yersinia ruckeri (National Fish Health Research Laboratory, #
11.40) in tryptic soy broth (Becton, Dickinson and Company, Sparks,
MD, USA) were washed and suspended in Hanks balanced salt so-
lution (HBSS) to a density of 0.05 OD (600 nm). Following incuba-
tion, media was removed from the plates, and wells were washed
with 100 ml unsupplemented L-15. L-15 media with 5% FBS and no
antibiotics was added at 100 ml well1, followed by the addition of
the Y. ruckeri suspension at 25 ml well1 to well sets replicated in
quadruplicate and the twelve-well sets containing no cells. Plates
were then incubated for 4 h, the media in the wells containing
bacteria was removed and replaced with ﬁlter-sterilized 0.2%
polyoxyethylene-sorbitan monolaurate (Tween 20) in tissue cul-
ture grade water at 50 ml well1. Ten-fold dilutions were made of
individual well contents in tryptic soy broth, and 10 ml aliquots of
the dilutions were cultured on tryptic soy agar (Becton, Dickinson
and Company). Culture plates were incubated 24 h at 22 C, and the
number of colony-forming units of the bacteria was determined for
each corresponding assay well. Following the plating of the bac-
terial dilutions, the number of adherent cells in the wells replicated
in triplicate was determined. Bactericidal activity was expressed as
the % colony-forming units (CFU) reduction. The % CFU reduction
C.A. Ottinger et al. / Fish & Shellﬁsh Immunology 38 (2014) 211e220 213was deﬁned as: ((1 (CFU treated/CFU control)) 100) where “CFU
treated” equaled the mean CFU value for replicate wells with
adherent leukocytes and “CFU control” equaled themean CFU value
for replicate wells with media only.
2.3. Data analysis
Data analysis was performed using Systat 11 (SYSTAT Software
Inc., Richmond, CA) unless otherwise stated. Multiple measures
weremade from the tissue and anterior kidney leukocytes obtained
from each ﬁsh. Data sets from ﬁsh with missing values were not
considered for analysis. Data for each treatment-speciﬁc measure
were evaluated for normality using the ShapiroeWilk Normality
Test. Statistical comparisons between thiamine-replete and
-deplete measures were performed using the parametric test,
Analysis of Variance (ANOVA), followed by Tukey post-hoc com-
parisons (normally distributed data) or the nonparametric test,
KruskaleWallis One-Way Analysis of Variance by Ranks (KW),
followed by the ManneWhitney U-test for post-hoc comparisons
(nonparametric data). For consistency, all paired data sets are
presented as box plots. The statistical methods employed in theFig. 1. Concentrations of liver thiamine pyrophosphate (A), thiamine monophosphate (B),
pyrophosphate (D) from thiamine-replete and -depleted lake trout used for in vitro immune
represent the 75th and 25th percentiles respectively for each data set. Whisker caps indicat
data set medians. Parenthetically listed above each box are the data set sample size (n), th
Analysis of Variance by Ranks (KW)), and the results from statistical comparisons with di
ered signiﬁcant when p 0.05.paired comparisons are indicated in the data presentation. Re-
lationships between in vitro immune function measures or ﬁsh
weight and tissue-speciﬁc thiamine concentrations or concentra-
tion ratios were performed using Least-Squares Linear Regression.
Results were accepted when assumptions of normality and vari-
ance were met and the DurbineWatson D statistic (DeW S) values
were within 1.5e2.5. Analysis results were considered signiﬁcant
when p 0.05.
3. Results
The concentration of liver TPP, TMP, total thiamine and the ratio
of liver TP toTMPwere signiﬁcantly lower in the thiamine-depleted
lake trout than the thiamine-replete ﬁsh (Fig. 1). Percent bacteri-
cidal activity, the number of adherent cells from the bactericidal
assay, as well as Con A, and PHA-P stimulated mitogenesis did not
signiﬁcantly differ between the thiamine-replete and -depleted ﬁsh
(Fig. 2). The proliferation of unstimulated cells associated with the
measure of Con A, and PHA-P stimulated mitogenesis, however,
was signiﬁcantly greater in the thiamine-depleted lake relative to
the thiamine-replete ﬁsh (Fig. 2).total thiamine (C) and the ratio of liver thiamine monophosphate to liver thiamine
studies. Note differences in axis scaling. The upper and lower boundaries of the boxes
e the 90th and 10th percentile and dots show outliers. Lines within boxes indicate the
e type of statistical test used to compare treatment effects (KruskaleWallis One-Way
fferent letters indicating statistically signiﬁcant differences. Test results were consid-
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to the ratio of liver TMP to TPP (Fig. 3). No signiﬁcant relationships
between thiamine-replete ﬁsh weight and liver TMP to TPP ratios
were observed. When weights of depleted ﬁsh were compared to
those of thiamine-replete ﬁsh with similar liver TMP to TPP ratios
(<0.25) and to those of thiamine-replete ﬁshwith TMP toTPP ratios
higher than those in thiamine-depleted ﬁsh (>0.25) no signiﬁcant
differences were observed (Fig. 3).
A negative relationship was observed between bactericidal ac-
tivity and liver TMP to TPP ratios in thiamine-depleted ﬁsh but not
in the thiamine-replete ﬁsh (Fig. 4). Bactericidal activity in
thiamine-replete ﬁsh with liver TMP to TPP ratios greater than
those of the thiamine-depleted ﬁsh was signiﬁcantly lower than
that of the thiamine-depleted ﬁsh but no difference in bactericidal
activity was observed between the thiamine-replete and -depleted
ﬁsh with similar TMP to TPP ratios or between the two thiamine-
replete groups (Fig. 4). No relationships were observed between
the number of adherent cells associated with bactericidal activityFig. 2. In vitro percent bactericidal activity (A), adherent cell numbers (B), mitogen stimula
determination of mitogen-speciﬁc cell proliferation (D) obtained for anterior kidney leukocy
plots and level of statistical signiﬁcance are as per Fig. 1. Parenthetically listed above each bo
effects (Analysis of Variance (ANOVA) KruskaleWallis One-Way Analysis of Variance by Ran
statistically signiﬁcant differences. Test results were considered signiﬁcant when p 0.05
Phytohemagglutinin type P; OD e Optical Density at 405 nm.and liver TMP to TPP ratio in either the thiamine-replete or
-depleted groups (Fig. 4).
Leukocytes from thiamine-replete ﬁsh exhibited signiﬁcant
positive regression results when relationships between liver TMP
to TPP ratios and Con A-associated mitogenesis (Fig. 5). No signif-
icant relationships were observed between thiamine concentra-
tions or ratios and Con A-associatedmitogenesis in leukocytes from
thiamine-depleted ﬁsh (Fig. 5) nor were there any potential rela-
tionship observed between thiamine concentrations or ratios and
PHA-P-associated mitogenesis in leukocytes from either thiamine-
replete or -depleted trout (Fig. 5). Con A stimulated mitogenesis
exhibited by cells from ﬁshwith liver TMP toTPP ratios greater than
those observed in the thiamine-depleted ﬁsh and thiamine-replete
ﬁsh with ratios similar to the thiamine-depleted ﬁsh were signiﬁ-
cantly greater than those of the latter two groups which did not
signiﬁcantly differ (Fig. 5). Like Con A stimulated mitogenesis, the
proliferation of unstimulated leucocytes from thiamine-replete ﬁsh
used in the calculation of stimulation index values exhibited ated cell proliferation (C), and proliferation measures of unstimulated cells used in the
tes from thiamine-replete and -depleted lake trout. Note differences in axis scaling. Box
x are the data set sample size (n), the type of statistical test used to compare treatment
ks (KW)), and the results from statistical comparisons with different letters indicating
. Abbreviations: REP e Replete; Dep e Depleted; CON A e Concanavalin A; PHA-P e
Fig. 3. Fish-speciﬁc relationships between total weight and the ratio of liver thiamine monophosphate to thiamine pyrophosphate in thiamine-replete (closed circle) and thiamine-
depleted lake trout (open circle) used as cell sources for in vitro immunoassays. Linear regression results and sample size for the replete and thiamine-depleted treatment groups
shown in the scatter plot are provided above the graph. Inserted box plot provides comparisons between depleted ﬁsh, thiamine-replete ﬁsh with ratios similar to thiamine-
depleted ﬁsh (ratio < 0.25), and thiamine-replete ﬁsh with ratios greater than thiamine-depleted ﬁsh (ratio > 0.25). Box plots and level of statistical signiﬁcance are as per
Fig. 1. Statistical test associated with box plots are as per Fig. 2.
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comparison for thiamine-depleted ﬁsh was not signiﬁcant. When
the optical density values representing the proliferation of unsti-
mulated leucocytes from the thiamine-depleted ﬁsh were
compared to those of thiamine-replete ﬁsh with similar TMP to TPP
ratios and those with higher ratios, the thiamine-replete ﬁsh with
TMP to TPP ratios similar to the thiamine-depleted ﬁsh exhibited
signiﬁcantly lower optical density values than the thiamine-
depleted ﬁsh and were also signiﬁcantly lower than those from
the thiamine-replete ﬁsh with elevated ratios (Fig. 6). The latter
two groups were not signiﬁcantly different.
4. Discussion
The relationship between in vivo thiamine concentrations and
leukocyte function persists when the cells are removed and
cultured in a thiamine-replete environment. How long these re-
lationships may last is not known, however, based on our current
ﬁnding we can conclude that the relationships will last for at least
48 h. A central component of our observations is the associations
between in vitro immune function and in vivo thiamine concen-
trations. Male rats fed a thiamine deﬁcient diet exhibited reduced
blood TMP concentrations relative to TPP [23] which is consistentwith our observation of reductions of liver TMP to TPP ratios in
thiamine-depleted relative to thiamine-replete lake trout (Fig. 1).
When in vitro immune functions in thiamine-replete and thiamine-
depleted lake trout were compared outside the context of
individual-speciﬁc thiamine concentrations signiﬁcant differences
were only observed in the proliferation of untreated cells (Fig. 2).
Not until the functional measures were placed in context with liver
TMP to TPP ratios did differences emerge (Figs. 3e6). One funda-
mental difference observed between the thiamine-replete and
thiamine-depleted lake trout was the relatively high heterogeneity
in TMP to TPP ratios exhibited by the thiamine-replete ﬁsh (Fig. 1).
Observed differences did not clearly discriminate between the
thiamine-replete and thiamine-depleted ﬁsh when ﬁsh weight and
leukocyte functions were expressed relative to TMP to TPP ratios.
Instead, the relationships between the TMP toTPP ratios and in vitro
immune measures split the thiamine-replete group into two seg-
ments with one thiamine-replete subgroup exhibiting character-
istics very similar to the thiamine-depleted ﬁsh. Although this
study was not designed to evaluate diet effect on weight of thia-
mine-depleted ﬁsh (Fig. 3), weight was associatedwith liver TMP to
TPP ratios suggesting that the mechanisms involved in the regu-
lation of thiamine use and allocation may have broad physiological
impacts including howmacronutrients are transformed and stored.
Fig. 4. Fish-speciﬁc relationships between bactericidal activity (A), the number of adherent cells associated with observed bactericidal activity and the ratio of liver thiamine
monophosphate to thiamine pyrophosphate in thiamine-replete (closed circle) and thiamine-depleted lake trout (open circle) used as cell sources for in vitro immunoassays. Scatter
and box plots as described in Fig. 3.
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National Research Council [20] were established based on general
performance and not speciﬁc pathway metabolic requirements.
Situation-dependent thiamine metabolic requirements likely vary
between individuals potentially placing some individuals into pe-
riodic states resembling thiamine depletion. Such an event would
explain our observation of low liver TMP to TPP ratios in some ﬁsh
within the thiamine-replete group. The signiﬁcant reductions in
thiamine tissue concentrations and ratios (Fig. 1) in the thiamine-
depleted group are the expected outcome of dietary treatments
employed and a mandatory component of our study. Offering an
explanation, however, as to how in vitro immune measures would
associate with liver thiamine concentration is a major challenge.
Even in mammals, basic studies on the speciﬁc roles of thiamine in
immune function are lacking. The potential relationships between
thiamine and lake trout immune function are extensive and
complex.
The principal form of thiamine in tissues is TPP (also known as
thiamine diphosphate). The role of TPP as a cofactor in energy
metabolism and fatty acid synthesis is well described in a review byDepeint et al. [24] and only salient points will be provided here.
Withinmitochondria, TPP is a required cofactor for the tricarboxylic
acid cycle enzyme complex alpha-ketoglutarate dehydrogenase,
and for the related tricarboxylic acid cycle-associated enzyme
complexes pyruvate dehydrogenase and branched-chain ketoacid
dehydrogenase all of which catalyze the oxidative decarboxylation
of ketoacids. Thiamine pyrophosphate is also a cofactor for cyto-
plasmic transketolase that catalyzes the ﬁrst and ﬁnal steps in the
pentose phosphate pathway resulting in the production of nico-
tinamide adenine dinucleotide phosphate (NADPH) which main-
tains cellular reductioneoxidation (redox) condition, glutathione
levels, and protein sulphhydryl groups. NADPH is a required factor
for all nitrous oxide synthases (NOS) [25], NADPH oxidases (NOX
family) [25] and for microsomal fatty acid elongation [26]. In ste-
roidogenesis, NADPH is required for both Type I (mitochondrial)
and Type II (cytoplasmic) cytochrome P450 associated synthesis
[27]. Thiamine depletion has been shown to signiﬁcantly reduce
the activity of enzymes in Baltic salmon (S. salar) sac fry including
transketolase, alpha-ketoglutarate dehydrogenase, glucose-6-
phosphate dehydrogenase, and cytochrome p450 1A [28].
Fig. 5. Fish-speciﬁc relationships between concanavalin A (Con A; A) stimulated mitogenesis, phytohemagglutinin type P (PHA-P; B) stimulated mitogenesis and the ratio of liver
thiamine monophosphate to thiamine pyrophosphate in thiamine-replete (closed circle) and thiamine-depleted lake trout (open circle) used as cell sources for in vitro immu-
noassays. Scatter and box plots as described in Fig. 3.
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derived from TPP and has no known physiologic function. A prin-
cipal effect of thiamine depletion is oxidative stress.
The relationship between oxidative stress, thiamine depletion,
and immune function has been reported inmammals in association
with brain pathology [29]. Associations between oxidative stress
and thiamine depletion have also been reported in ﬁsh [28,30,31].
Like mammals, thiamine depletion is associated with tissue pa-
thology [32e34] and altered brain function [35]. Diseases in
humans associated with thiamine deﬁciency have been linked to
poorly regulated inﬂammatory responses signaled through toll-like
receptors (TLR) [29,36e39] which in turn can be linked to
demonstrated differences in energy metabolism occurring in
mammalian macrophages as well as some T-cells. Redox states are
known to impact and be impacted by cellular metabolic conditions
which in turn impact cell proliferation and differentiation in a cell-
type dependent manner [40]. Mammalian pro-inﬂammatory M1
macrophages and T-helper subtype 17 (TH17) cells primarily pro-
duce energy via glycolysis whereas anti-inﬂammatory M2macrophages and T-regulatory (Treg) cells produce energy primarily
via oxidative phosphorylation [41]. Given that thiamine deﬁciency
and the associated oxidative stress induce suppression of oxidative
phosphorylation, a thiamine-limited condition should favor TH17
and M1 macrophages phenotypes thus favoring a pro-
inﬂammatory regulatory environment and elevated bactericidal
activity. The hypoxia inducible transcription factor-alpha (HIF1-a)-
dependent glycolytic pathway regulates the differentiation of
Tprogenitor-cells into TH17 or Treg phenotypes [42,43] and is essential
for the production of some pro-inﬂammatory cytokines in M1
macrophages [41]. Hypoxia inducible transcription factor-alpha has
also been directly associated with pathology and mortality
observed in thiamine-depleted Baltic salmon [44] yolk-sac fry
which gives some indication that the HIF1-a-dependent glycolytic
pathway could have a regulatory effect in lake trout Tprogenitor-like
cells and macrophages similar to that observed in mammals.
Teleosts possess many of the same antimicrobial mechanisms
observed in mammals [45] indicating the presence of a robust
innate immune system [45e47]. A diverse group of TLRs have been
Fig. 6. Fish-speciﬁc relationships between proliferation measures of unstimulated cells used in the determination of mitogen-associated stimulation index values and the ratio of
liver thiamine monophosphate to thiamine pyrophosphate in thiamine-replete (closed circle) and thiamine-depleted lake trout (open circle) used as cell sources for in vitro im-
munoassays. Scatter and box plots as described in Fig. 4.
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acterized in mammals while others are unique [46]. Toll-like re-
ceptor signaling pathways appear to be well conserved with
teleosts exhibiting the potential for pathways similar to those
observed in mammals based both on genomics and functional
studies [46,47]. Mixed leukocyte reaction, transplant rejection and
in vitro cell mediated cytotoxicity directed at allogeneic and xeno-
genic cells have all been demonstrated in teleosts suggesting the
existence of T-cell and natural killer (NK)-cell like functions [48].
Genomic studies in teleosts indicate the existence of multiple
similarities between teleost T-like cells and the T-cells of mammals
including T-cell receptor (TCR), cluster of differentiation (CD) 3
complex, CD4, CD8, co-stimulatory and co-inhibitory molecules,
co-receptors, and molecules associated with T-helper subgroups
and T-regulatory cells [49]. Multiple teleost cytokines have either
been demonstrated or have been proposed using genomic studies
as well as at least partial functional characterizations [50e52].
Included in this list are interleukin (IL)-1 and other inﬂammatory
interleukins, members of the IL-2, -10, and -17 subfamilies, and
heterodimeric interleukins [50]. Included in the interleukins that
have undergone at least partial functional characterizations are IL-
1b, IL-18, and IL-2 [50].
Here we hypothesize that the inverse relationship observed
between bactericidal activity and liver TMP toTPP ratios is based on
the increased bactericidal activity associated with oxidative stress
and TLR pathways. Based on the lack of association between the
number of adherent cells and liver TMP to TPP ratios (Fig. 4), we
further hypothesize that the relationship between bactericidal ac-
tivity and liver TMP to TPP ratios is not directly related to the ab-
solute number of adherent cells present. Selective phenotype
switching driven by altered cellular redox conditions resulting fromelevated oxidative stress generated by a thiamine-limited state
could explain our observation of a negative association between
bactericidal activity and liver TMP to TPP ratios in the absence of a
similar relationship with absolute adherent cell number.
Where bactericidal activity exhibited and inverse relationship
with TMP to TPP ratios (Fig. 4), the opposite was true for Con A
stimulated mitogenesis (Fig. 5) and the proliferation of unstimu-
lated cells (Fig. 6). Phytohemagglutinin-P associated mitogenesis
exhibited no association with liver TMP to TPP ratios (Fig. 5).
Thiamine-replete ﬁsh with liver TMP to TPP ratios similar to the
thiamine-depleted ﬁsh exhibited Con A stimulated mitogenesis
comparable to the leukocytes from the thiamine-depleted ﬁsh
(Fig. 5) but signiﬁcantly lower untreated cell proliferation (Fig. 6).
This thiamine-replete subgroup was responsible for the leukocytes
from the thiamine-replete trout exhibiting signiﬁcantly reduced
untreated cell proliferation (Fig. 2). The thiamine-replete subgroup
with TMP to TPP ratios higher than those observed in the thiamine-
depleted groups exhibited untreated cell proliferation comparable
to that observed in the leukocytes of the thiamine-depleted ﬁsh
(Fig. 6) yet signiﬁcantly higher levels of Con A stimulated mito-
genesis (Fig. 5). One observed difference between the leukocytes
from the thiamine-depleted ﬁsh and those from the responsive
thiamine-replete subgroup is related to numeric and/or functional
differences in Con A sensitive leukocyte populations. No such dif-
ference is evident between the PHA-P sensitive leukocyte pop-
ulations. Concanavalin A is generally considered a T-cell speciﬁc
mitogen in mammals that induces cell activation via TCR binding.
Like Con A, PHA-P is considered a T-cell mitogen in mammals.
Binding speciﬁcities of PHA-P, however, differs from Con A with
PHA-P primarily binding and inducing cell activation via CD2 [53].
The ability Con A and PHA to activate T-like teleost cells has been
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species [54e58]. The signaling pathway activated by Con A and PHA
binding, however, has not been speciﬁcally identiﬁed. The simi-
larities between mammal and teleost TCR [48,49] suggest that the
Con A-associated activation mechanisms may be similar in the two
groups. A CD2-like molecule, however, has yet to be identiﬁed in
teleosts making the identiﬁcation of a PHA-P dependent activation
pathway difﬁcult. Our observations demonstrating that in vitro
immune measures associate with in vivo thiamine concentrations
indicate that in vivo conditions were impacting in vitro responses.
In vitro responses were measured in a thiamine-replete culture
environment suggesting that the impact of in vivo condition could
not be rapidly reversed by simply increasing thiamine availability.
Given that redox states are altered when thiamine is limiting and
that redox state impacts cell proliferation in a cell-type dependent
manner [40], we hypothesize that lake trout T-like cells have dif-
ferential sensitivities to thiamine-limited conditions and that the
differential sensitivities are dependent on activation pathway-
speciﬁc metabolic requirements that may or may not be met
when thiamine-limiting conditions alters cell metabolism.
In a previous study, using the same cohort of thiamine-replete
and thiamine-depleted lake trout as used here, we demonstrated
that thiamine-deﬁciency impacted in vivo hapten-speciﬁc antibody
production [9]. In this study, thiamine-depleted lake trout injected
with the T-independent antigen trinitrophenol-lipopolysaccharide
exhibited signiﬁcant elevations in hapten-speciﬁc antibody activity
and a prolonged response duration relative to thiamine-replete
ﬁsh. In this same study, a parallel comparison using the T-depen-
dent antigen trinitrophenol-keyhole limpet hemocyanin was per-
formed and no such differences were observed. Placing the results
of this current study in the context of this in vivo study we hy-
pothesize that the deleterious oxidative stress resulting from
thiamine depletion in lake trout results in cell-type speciﬁc redox
environments that create a predisposition towards an inﬂamma-
tory response. This predisposition is made apparent when leuko-
cyte activation occurs following stimulation with a strong pro-
inﬂammatory antigen such as bacterial lipopolysaccharide. Pre-
disposition towards an inﬂammatory response, however, does not
imply inhibition of all other immune response mechanisms since
the observed in vivoT-dependent responsewas not impacted by the
thiamine-deﬁcient state. Like the response difference observed in
Con A and PHA-P stimulated mitogenesis relative to liver TMP to
TPP ratios, our previously reported difference in T-dependent and
-independent antibody responses could in-part be explained based
on cell-type speciﬁc responses to altered redox states.
Altered redox states provide a useful hypothesis for events that
may be impacting individual cell-types but it does not necessarily
provide a complete description of all our observations. The differ-
ences we observed in thiamine-replete and -depleted leukocyte
unstimulated replication at similar TMP to TPP ratios combined
with similar Con A stimulation values at these same ratios, how-
ever, suggests that other mechanisms may be involved. A more
complete explanation that accounts for other pathways through
which a thiamine-limited state could alter lake trout immune
function requires a broader consideration of physiologic change
associated with thiamine deﬁciency. Although the immune mea-
sures and thiamine availability maybe functionally associated using
an oxidative stress model, the full physiologic impact of thiamine
deﬁciency on lake trout immune responses has the potential of
being far more complex with altered redox states associated with
oxidative stress being a one potential modulator among several.
Our observation that ﬁsh weight can be associated with liver TMP
to TPP ratios and the demonstrated role of thiamine deﬁciency in
diseases like early mortality syndrome clearly indicated that a
thiamine-limited state can have broad physiologic effects. Thepotential that these broader physiologic effects could also impact
immune pathways must be considered. Thiamine availability and
immune function could be associated through shared physiologic
pathway(s) adding a less direct relationship between the two. For
example, changes in immune-relevant steroid synthesis resulting
from NADPH depletion [27] alone or in combination with altered
neuronal activity associated with reduced thiamine availability [59]
could contribute, along with detrimental oxidative stress, to altered
immune function. We have previously suggested [9] that the im-
pacts of the neuroendocrine axis on cytokine production would
make a plausible target for future studies evaluating thiamine and
immune function. Here we modify this statement by suggesting
that to obtain a better understanding of the alterations of immune
functions associated with thiamine availability and thiamine
associatedmetabolism a broadmultifaceted-approachwill likely be
required.
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